ABSTRACT
INTRODUCTION
Besides the presence of cilia used for locomotion, ciliate cells are characterized by the presence of two types of nuclei: a somatic nucleus-macronucleus (MAC)-where RNA synthesis generally takes place, and a genetic nucleusmicronucleus (MIC)-used for the exchange of genetic material during sexual reproduction.
A mitotic copy of the micronucleus develops into a macronucleus following sexual reproduction. The process of creating a macronucleus from a micronucleus involves massive DNA elimination, breakage and rearrangements (for a review of these processes see Prescott, 1994) .
Among the ciliate orders, the Stichotrichs have the most pronounced DNA processing. In some, such as Stylonychia lemnae, ∼98% of the micronuclear DNA complexity is eliminated during macronuclear formation, and the chromosomes are broken in more than 20 000 places, to such an extent that most 'chromosomes' in the macronucleus contain only one gene (Prescott, 1994) .
Not only is intergenic DNA lost during the conversion from MIC to MAC, but also genes in the MIC are interrupted by non-coding A-T rich segments called internal eliminated segments (IESs) that must be removed. The parts of a gene separated by IESs are called macronuclear destined segments (MDSs). Some micronuclear genes have their MDSs present in a permuted order, compared with the functional gene in * To whom correspondence should be addressed. the macronucleus. These MDSs are rearranged during MAC formation in a deterministic way to reconstruct the functional form of the gene ( Fig. 1 ; Landweber et al., 2000; Prescott, 2000) . To date, there are very little sequence data from micronuclear genes in Stichotrichs; however, in Oxytricha trifallax (also called Sterkiella histriomuscorum), three of the six genes for which MIC and MAC sequences are available are scrambled. If this is at all representative, it suggests that scrambled genes are extremely common in these organisms.
How these organisms manage to unscramble the genes is still a mystery. However, MDSs share some similar features. The last few nucleotides of an MDS are repeated in the beginning of the next consecutive MDS; these sequences are called pointer or junction sequences. Although these sequences probably have a function in unscrambling the gene, they are not present only in these two locations in the MIC form of the gene; instead, in some cases, there are several copies of the same pointer sequence throughout the MIC locus (Landweber et al., 2000) .
The study of gene scrambling in ciliates is complicated by the difficulties in sequencing and annotating micronuclear genes. After both forms of a gene are sequenced, there are no programs that can align them automatically, a problem that will become more prominent as genome data become available for O.trifallax (Powell, 2002) . In this paper, we present an online program developed to fill this gap. The program aligns the macronuclear and micronuclear genes and gives the coordinates of MDSs and pointer sequences.
METHODS
The program consists of a Perl-CGI script that uses bl2seq (part of the Blast suite; Altschul et al., 1997) to align the MAC and MIC sequences and then, based on the results of bl2seq, determines the positions of MDSs and pointer sequences automatically. The input for the program consists of the macronuclear and micronuclear sequence of the gene to be analyzed.
The script runs bl2seq and reads the information on the highscoring segment pairs (HSPs). The HSPs are then processed to detect the MDSs and pointer sequences in the following steps:
(1) The HSP with the lower e-value is kept and assumed to be an MDS. (2) The script then tries to find HSPs in which there is an overlap to the extremities of the previous macronuclear MDS. These HSPs are incorporated as two new MDSs. (3) We repeat step 2, until no overlapping HSPs can be found, in which case the script searches for the HSP that is closest to the end of the previous MDS. This is considered a new MDS. (4) We repeat steps 2 and 3 until no more HSPs are found in the remaining part of the macronuclear gene.
The output of the program is a table with the coordinates of each MDS and pointer sequences found, accompanied by a graphical representation of the two sequences and their MDSs [ Fig. 1 shows the graphical output for the MAC (gi 622988) and MIC (gi 632546) forms of the actin I gene of O.trifallax, (DuBois and Prescott, 1995) ].
RESULTS
We used our program to treat all available scrambled genes in GenBank. There are three known scrambled genes, with several orthologs, available in stichotrichous ciliates: actin I, DNA polymerase α, and α telomere-binding protein. The program's results agreed with GenBank annotation, when available, with only minor differences in the location of the pointer sequences; the program provides both the pointer sequences and 5 bp both upstream and downstream, allowing the user to assign the pointer manually if necessary. Some sequences in GenBank lack annotation for the pointer sequence and/or MDS locations. In these cases we checked the program results against the original papers, and again our results were consistent. In some cases, in which there is a region of low similarity between the MAC and MIC forms of the gene-probably due to alleles-the program breaks a proposed MDS into two smaller ones. Likewise, sometimes the program connects two MDS that were annotated as separate. We also used the program to align other fragmented, but non-scrambled, ciliate genes and the results were again very reliable. Thus, Gene Unscrambler should provide automated and accurate annotation of MIC sequences for which MAC sequence is known, with minimal human intervention.
Recently, NHGRI gave high priority to genome sequencing of the ciliate O.trifallax (http://www.nih.gov/news/pr/ sep2002/nhgri-12.htm; Powell, 2002) , with full coverage of the macronucleus and partial coverage of the micronucleus, and we expect the number of scrambled genes to increase substantially as these sequences accumulate. The program presented here will facilitate annotation and study of these genes and, furthermore, its use might extend to genome rearrangements in other organisms.
